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Edited by Bernd HelmsAbstract For good function, membrane lipids have to be ar-
ranged appropriately and be in the correct physical state. In poi-
kilotherms, exposure to cold stress or heat shock can alter
membrane properties such that, unless they are corrected
quickly, damage and, possibly, death can result. Low tempera-
ture stress is countered by modifying membrane lipids such that
their average transition temperature is lowered. There are vari-
ous ways in which this can be achieved but an increase in fatty
acid unsaturation is the most common. For heat shock, various
changes in lipids have been noted and some defensive strategies
involving heat shock proteins noted.
In this short review, we will describe recent results where adap-
tive lipid changes, as a result of temperature stress, have been
found. Mechanisms for bringing about such alterations are dis-
cussed, together with the contrasting data for diﬀerent organ-
isms.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Poikilotherms, which represent most of the organisms on
Earth, have to survive and adapt to environmental stresses.
One of the most important of the latter is temperature change.
Such alterations lead to changes in membrane lipid order and,
in the case of elevated temperatures, may cause protein unfold-
ing and denaturation. If these alterations are not corrected
rapidly then the function and, maybe, the survival of the
stressed organism will be in danger.
Lowering the ambient temperature of poikilotherms is likely
to cause an increase in membrane lipid order. Because of the
mixture of lipid classes and lipid molecular species in biological
membranes, this will mean that one or more of these molecular
species will be below its transition temperature (Tc). As soon as
this phenomenon becomes signiﬁcant then phase separation of
the aﬀected lipids can take place. This heterogeneity of mem-
brane structure is already seen, to an extent, with the so-calledAbbreviations: ER, endoplasmic reticulum; Fad, fatty acid desaturase;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; Tc, transi-
tion (gel- to liquid-crystalline) temperature
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doi:10.1016/j.febslet.2006.06.066lipid rafts but when it becomes quantitatively important, as a
result of lower environmental temperatures, then impairment
of membrane function will occur. So the ﬁrst thing that a poi-
kilotherm must do is to correct the increased average mem-
brane lipid order (or to put it in common, but incorrect
jargon, the reduced membrane ‘‘ﬂuidity’’).
When the growth temperature of poikilotherms is lowered, a
number of changes in their membrane lipids have been ob-
served (Table 1) which are commensurate with attempt to
maintain lipid order at physiologically-advantageous values.
These alterations could, therefore, be viewed as adaptation
although, in some cases, they may be coincidental and driven
by factors, such as oxygen availability which also change as
ambient temperatures change. Of the various alterations which
have observed and which are summarised in Table 1, an in-
crease in fatty acid unsaturation is the most common. Since
this increase clearly has adaptive signiﬁcance, we will concen-
trate for the rest of the mini-review on this aspect, although
with examples of other potentially adaptive changes.2. cis-Unsaturated fatty acids and ﬂuidity
Membrane lipids are usually in the liquid-crystalline struc-
ture [1] and the melting behaviour of the fatty acyl part of the
molecule can be conveniently measured by methods such as dif-
ferential scanning calorimetry. The resultant Tc allows the eﬀect
of introducing a trans- or cis-double bond into a saturated
hydrocarbon chain to be assessed. In general, trans-double
bonds have rather little eﬀect whereas the ﬁrst cis-double bond
causes a massive change in Tc (Table 2). Interestingly, although
a second cis-double bond produces a further signiﬁcant lower-
ing of Tc, additional double bonds have little, if any, eﬀect. This
raises the question about the function of trienoic–hexaenoic
fatty acids in biological membranes which is often assumed to
relate to an ability of such acids to confer ‘‘ﬂuidity’’. Clearly,
if dienoic fatty acids have similar Tcs, then the functions of
highly unsaturated fatty acids must lie elsewhere.
It will also be noted in Table 2 that, in reducing the Tc of a
typical membrane lipid such as phosphatidylcholine, it is not
necessary to have an unsaturated fatty acid at both the sn-1
and the sn-2 positions on the glycerol backbone. Moreover,
it should also be born in mind that swapping the positions
of attached fatty acids (re-modelling) may also alter the Tc
by 8–9 C [2]. Such re-modelling has been termed an emer-
gency response because it does not need any net lipid synthesis.
As expected from such data, when organisms modify the
unsaturation of their membrane lipids, a clear correlation withblished by Elsevier B.V. All rights reserved.
Table 2
Tc values for gel to liquid-crystalline phase transition of PCs
Lipid species Tc (C)
(a) Saturated
Dimyristoyl-PC (14:0, 14:0-PC) 24
Myristoyl, palmitoyl-PC (14:0, 16:0-PC) 36
Palmitoyl, myristoyl-PC (16:0, 14:0-PC) 27
Dipalmitoyl-PC (16:0, 16:0-PC) 41
Distearoyl-PC (18:0, 18:0-PC) 55
(b) Unsaturated
Palmitoyl, oleoyl-PC (16:0, 18:1-PC) 1
Dioleoyl-PC (18:1, 18:1-PC) 19
Stearoyl, oleoyl-PC (18:0, 18:1-PC) 6
Stearoyl, linoleoyl-PC (18:0, 18:2-PC) 16
Stearoyl, linolenoyl-PC (18:0, 18:3-PC) 13
Stearoyl, arachidonyl-PC (18:0, 20:4-PC) 13
Table 1
Changes in membrane composition seen on exposure of poikilotherms to low temperatures (see [2,18])
1. Re-tailoring of membrane species Quick changes involving swapping acyl chains between or within lipids
2. Increase in fatty acid unsaturation By the use of Fads, organisms can insert cis double bonds and lower Tc values for lipids
3. Chain shortening Can be achieved by shortening existing chains or synthesising products shorter than normal.
Not very common
4. Alteration of fatty acid types Some microorganisms can synthesise branched chain acids and may also alter the balance
between iso- and antiiso-branched chain acids
5. Lipid class altered Changes in lipid classes often seen. Some of these may be adaptive
6. Lipid/protein ratio changes Usually this ratio is increased markedly at low temperatures due to a relative increase in lipid
biosynthesis
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red (FTIR) spectroscopy showed that: (a) organisms, which
respond to low temperatures by increasing fatty acid unsatura-
tion, exhibited increased membrane disorder, (b) mutants
which lacked the required fatty acid desaturases (Fads) showed
less adaptability [3], and (c) modiﬁcation of phospholipid syn-
thesis to increase the incorporation of saturated fatty acids
rendered the transgenic organism chilling-sensitive [4,5].Fig. 1. Transcriptional control during cold-stress in microbes (see [5]
for details). The histidine kinases DesK and His33 are responsible for
the beginning of the signal cascade to induce expression of cold-
inducible gene. The above kinases may be activated by a change in
membrane lipid ﬂuidity.3. Experiments with cyanobacteria
Cyanobacteria, being prokaryotic, have a very simple mem-
brane systemwhich, for their photosynthetic cells, only includes
the cytoplasmic and thylakoid membranes. Murata and co-
workers have studied cyanobacteria such asAnabaena variabilis
and, more recently, Synechocystis, in some detail. Earlier exper-
iments [5] showed that cold induced an increase in fatty acid
unsaturation mediated by the expression of genes for the desat-
urases concerned [6]. Furthermore, careful experiments where
the ﬂuidity of cyanobacterial membranes was manipulated,
established a clear relationship between membrane lipid order
and expression of Fads [7]. In turn, it was also shown that dis-
ruption of desaturase genes and, hence, an inability to adjust
membrane lipid unsaturation following cooling stress, caused
the transgenic organisms to be cold-sensitive [8].
However, although membrane ﬂuidity could, clearly, be a
sensor for environmental cooling, the way in which this could
impact on gene expression was not immediately obvious. Use
of DNA microarrays identiﬁed 45 cold-inducible genes in Syn-
echocystis. A complete analysis of the function importance of
these genes has yet to be carried out [5]. It was found that the
cold sensor histidine kinase 33 (Hik33) regulated the expression
of 28 of the above 45 genes [5]. The mechanism of Hik33 acti-vation has been examined and cold stress suggested to result in
dimerisation and, hence, activation of proteins [9]. This activa-
tion could be mediated via two transmembrane domains that
are sensitive to membrane ﬂuidity [5].
It is not surprising that a histidine kinase may be involved in
transmitting the cold-stress signal from the membrane to the
gene expression machinery because such enzymes have a com-
mon role in mediating stress signals in prokaryotes. Indeed, it
is of interest that another histidine kinase, DesK, was identi-
ﬁed as a cold sensor that regulated the cold-inducible expres-
sion of a D5-desaturase in Bacillus subtilis [10] (Fig. 1).
The Fads in cyanobacteria work with complex lipids as sub-
strates [8]. Upregulation of gene expression for the desaturases
is likely to be a major factor in increasing production of unsat-
urated fatty acids at low temperatures. However, observations
with the D12-desaturase from Synechocystis sp. PCC6803 sug-
gest that its mRNA is much more stable at 22 C compared to
34 C (lifetimes of 20 and 2 min, respectively [8]). It should also
be noted that low temperature induced transcription of only 3
of the 4 desaturase genes in Synechocystis and that desC was
unaﬀected [6].
Los studied the eﬀects of low temperature on supercoiling of
the genomic DNA region that contained the regulatory ele-
ments of the desB gene for the x-3 desaturase in Synechocystis
[11]. On cooling, the degree of DNA supercoiling increased in
the region and could be prevented by novobiocin. The latter
completely inhibited the low temperature-induced transcrip-
tion of desB. In contrast, other cold-induced desaturase genes
(desA, desD) were less aﬀected [11]. These observations suggest
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ing an input into the regulation of, at least, some Fads.
The essential role of Fads in low temperature adaptation in
cyanobacteria has been clearly demonstrated by molecular bio-
logical manipulation. Thus, disruption of desaturase genes (by
mutagens or insertional mutations) could produce transgenic
Synechocystis species that had modiﬁed membrane fatty acid
compositions [8] and greatly altered ﬂuidity properties [5].
Reduction in membrane unsaturation was associated with
greatly impaired growth, photosynthesis and chilling tolerance
[12,13]. Moreover, when a D12-desaturase gene (desA) was ex-
pressed in Anacystis nidulans (which only produces saturated
and monoenoic fatty acids) linoleate was produced, the phase
transition of membrane lipids lowered and chilling tolerance
notably enhanced [14]. This aspect has been reviewed in some
detail [5,8].
Although the above experiments showed a very successful
genetic manipulation of cyanobacteria to increase chilling
resistance, a word of caution should be added because, some-
times, simple deletion of desaturase genes does not produce the
expected result. Thus, in experiments using the double mutant
(minus D6, D12 desaturases) of Synechocystis, DPH ﬂuores-
cence anisotropy measurements showed an elevated rather
than reduced ﬂuidity. Perhaps, this reﬂects the exquisite ability
of poikilotherms to rapidly adjust membrane ﬂuidity as a re-
sult of temperature stress, even when normal mechanisms are
impaired [15].
Although, for good reason, low temperature adaptation has
been studied most in the ‘‘model’’ organism Synechocystis,
other species of cyanobacteria also show accumulation of
unsaturated (polyunsaturated) fatty acids (PUFAs) at low
temperatures. In some species which are important in particu-
lar ecological situations, the increase in PUFAs can be
marked. Cylindrospermopsis raciborskii, which can cause
blooms in Lake Balaton (Hungary) is one such example. Its in-
creased accumulation of PUFAs compared to low tempera-
ture-challenged Synechocystis was associated with much
better tolerance [16].Fig. 2. A general mechanism for post-translational control of mem-
brane proteins such as Fads (see text for details). Heat shock causes
disorders in the normal membrane structure and can allow proteinases
(Pr) access to membrane proteins such as Fads (Des). This would allow
catabolism and lower the amount of total desaturase protein. Binding
of certain membrane-associated heat shock proteins (HSPs), perhaps
to speciﬁc lipids, restores normal membrane structure. In turn, this
slows desaturase turnover by reducing proteinase access to membrane
proteins including Des.4. Low temperature eﬀects on higher plants
As in cyanobacteria, higher plants often respond to low tem-
perature stress by increasing membrane lipid unsaturation de-
spite the generally high level of PUFAs, especially in leaf
tissues [17]. However, certain molecular species are especially
important and a good correlation has been noted for many
plants where chilling sensitivity is associated with signiﬁcant
amounts of 16:0/16:0- or 16:0/trans-16:1-phosphatidylglycerol
species (see [18]). Eﬀorts to increase chilling tolerance in higher
plants have been made either by the introduction of desaturase
genes that can desaturate palmitate to palmitoleate [19] or by
modifying the synthetic pathway to phosphatidylglycerol
where oleate (rather than palmitate) is acylated [4].
More recent work has revealed a number of subtleties in the
response of diﬀerent plants to low temperatures. As mentioned
in Section 1, apart from fatty acid unsaturation, there are sev-
eral other ways organisms may change their membrane lipid
composition. Two reports suggest that phospholipid class
composition can be aﬀected. Sugar bean roots responded to
low temperatures by lowering the ratio of phosphatidylcholine
(PC)/phosphatidylethanolamine (PE) [20]. The amount ofunsaturation in these phospholipids was also especially in-
creased. Similarly, in Brassica napus, endoplasmic reticulum
(ER) membranes of hypocotyls grown at low temperature
(4 C) were enriched in PUFAs and PE compared to 22 C
growth [21]. Part of these changes in PC and PE after cold
stress may be related to the activity of phospholipases. In Ara-
bidopsis, the most abundant phospholipase D (PLDa) can lead
to a decline in PC rather than PE on sub-lethal freezing where
an increase in phosphatidic acid (PA) and lysophospholipids is
seen [22]. Indeed, a PLDa-deﬁcient Arabidopsis was prepared
and showed improved freezing tolerance (associated with re-
duced reciprocal changes in PC and PA).
Dyer et al. expressed the B. napus FAD3 gene in yeast in or-
der to better understand its regulation by low temperature.
Although a shift in growth temperature from 30 C to 20 C
was associated with an 8.5-fold increase in desaturase protein,
there was no appreciable change in transcriptional activity [23].
This suggested post-transcriptional regulation as a main mech-
anism of control and agreed with previous data that there was
no apparent increase in the rate of transcription or stability of
Fad mRNA at lower temperatures (e.g. [24,25]) with the excep-
tion of the Arabidopsis FAD8 gene [26]. The increase in FAD3
desaturase protein observed in the yeast studies [23] may be
due to a reduction in proteinase degradation imparted through
a reduction in membrane ﬂuidity (see Fig. 2).
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Rigidiﬁcation of membrane lipids has been thought to be a
general mechanism which could provide a simple way in which
homeostatic regulation of membrane properties could be
achieved. As reviewed before [27], the evidence for this is quite
persuasive. However, diﬀerent observations suggest that a very
simple relationship with decreased membrane ﬂuidity causing
increase desaturase expression/activity is not tenable. For
example, as discussed above, not all desaturases are induced
by low temperature. In addition, a complication is that many
membranes contain speciﬁc domains (such as lipid rafts) and
this increases the complexity of any response to temperature.
These aspects are reviewed at some length by Vigh et al. [28].
Moreover, the mediation of cold sensor proteins between a
membrane environment and the expression machinery gives
an opportunity for variable responses in diﬀerent organisms
and for diﬀerent genes.
In the same way as transcriptional changes to low tempera-
tures have been examined in cyanobacteria by the use of arrays,
large numbers of cold-inducible genes have been identiﬁed in
plants [29,30]. This information has led to suggestions as to
how transduction of cold signals could be achieved (see [5]).
The possible involvement of the histidine kinase, Hik33, in
the low temperature response of cyanobacteria was mentioned
in Section 2. Detailed studies suggest that the two transmem-
brane domains of Hik33 perceive a decrease in membrane ﬂu-
idity and this allows its activation (through dimerisation) [5]
(Fig. 1). In turn this would lead to diﬀerential expression of
a number of genes.
Alternatively, membrane ﬂuidity could lead to alterations in
stability of key enzymes such as membrane-associated Fads.
Thus, the proposal of Dyer et al. [23] was based on the obser-
vation that the stearoyl-CoA D9-desaturase in animals con-
tains a 33-amino acid segment at the N-terminus which
facilitates proteolytic degradation. However, the protease
responsible for the desaturase’s turnover is also associated with
the ER. Thus, any change in physical characteristics of a poi-
kilotherm membrane might alter accessibility for proteinase at-
tack and, hence, stabilize desaturase levels (see [23]) (Fig. 2).
The local environment of the desaturase in the membrane
could, of course, not only be aﬀected by temperature but, if
lipid rafts are present, then by other eﬀectors also [28].6. Microbes other than cyanobacteria
Work with B. subtilis has already been referred to. This is the
only bacterium where temperature adaptation has been studied
in detail. Nevertheless, general bacterial strategies for low tem-
perature adaptation, including those for psychrophilic and
psychrotolerant species, are well-known. Membrane ﬂuidity
can be modiﬁed by altering the lipid head group, the protein
content, the type of carotenoids synthesised, the proportion
of cis to trans acids, fatty acid chain length as well as the
amount of unsaturation [31]. Even when membrane unsatura-
tion is increased at low temperature, this may be due to incom-
plete reduction of precursors rather than desaturase activity
[32].
In the fungus Blakeslea trispora, adaptation to low temper-
ature involves shortening of the acyl chains, despite the factthat this species has large amounts of PUFAs. Glycerol is also
present as a thermoprotector [33].
When adaptation to cooling was studied in ﬁve psychrotol-
erant isolates of Protobacteria, a whole variety of adaptations
was observed. Although unsaturation of straight-chain fatty
acids was the most common, decreased cyclopropane fatty
acids and the formation of branched odd-chain fatty acids
were other strategies [34].
In some previous studies with Lentinula edodes (a famous
edible mushroom: shiitake), it was noted that lowering its
growth temperature caused an increase in the unsaturation
of membrane phospholipids during fruit body formation. A
notable exception was that the amount of linoleate in PC
was actually lower (see [35]). A D12-desaturase was isolated
from the mushroom and it was found that, although its expres-
sion was correlated with fruiting body formation, it did not re-
spond to decreased growth temperatures. So, this particular
Fad did not appear to play a role in temperature adaptation.
Gram negative bacteria, such as Escherichia coli, certainly
respond to lower growth temperatures by showing a character-
istic increase in their membrane lipid acyl unsaturation. The
enzymatic process in E. coli is well understood and depends
on the relative activities of diﬀerent components of the fatty
acid synthase (see [36]). By contrast, the cytoplasmic mem-
branes of Gram-positive bacilli contain a high proportion of
iso- and antiiso-branched fatty acids. These molecules are de-
rived from the amino acid precursors, isoleucine, leucine and
valine. In B. subtilis, cold adaptation to ensure membrane ﬂu-
idity predominantly involves an increase in isoleucine-derived
antiiso-branched saturated fatty acids. This is supplemented
by conversion of saturated fatty acids to cis-monoenoic spe-
cies. Study of the latter process when growth was shifted from
37 C to 15 C revealed that Fad (probably a D5-desaturase)
expression could completely replace the isoleucine-dependent,
long-term fatty acid branching adaptation mechanism [37].
This showed, as expected, that the important feature of low
temperature adaptation was the preservation of membrane li-
pid ﬂuidity rather then the actual adaptive route chosen and
the speciﬁc lipid changes needed.7. Acanthamoeba castellanii – a simple animal system
Acanthamoeba castellanii is a small free-living amoeba found
widely in fresh water and soils. In these environments Acantha-
moeba is subject to marked spacial and temporal variations in
temperature to which it must adapt rapidly in order that plas-
ma membrane functions, such as phagocytosis [38], can con-
tinue. When subjected to lower growth temperatures, A.
castellanii, rapidly increased its membrane unsaturation
through the induction of a desaturase that converted oleate
to linoleate [39]. (A. castellanii like another protozoon Tetrahy-
mena pyriformis [40] is able to synthesise linoleate, unlike most
animals where it is an essential fatty acid.) Linoleate propor-
tions in microsomal fractions from A. castellanii double within
1 h of a shift in growth temperature from 30 C to 15 C [41].
Moreover, increased oleate desaturation could be measured in
micosomes isolated from cells subjected to low temperature for
a little as 10 min [39] and was mainly due to fresh protein syn-
thesis. The main substrate for the desaturation appeared to be
1-acyl, 2-oleoyl-phosphatidylcholine. Induction of desatura-
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tion process. A sequential series of changes was observed with
increased desaturation leading to higher membrane unsatura-
tion followed by restoration of membrane ‘‘ﬂuidity’’ and, then,
renewed phagocytotic activity [38].
Although we had observed an obvious adaptive response of
increased oleate desaturation, following low temperature stress
there were also profound changes in fatty acid unsaturation
during growth in batch culture at constant temperature [42].
These ﬁndings suggested that temperature was not only trigger
for desaturase induction. One other possibility was oxygen.
Oxygen had been suggested to profoundly inﬂuence desaturase
activity in nitrogen-purged plant tissue preparations [43] and,
of course, oxygen availability (as a substrate for desaturation)
[2] would be expected to have an immediate eﬀect if limited. On
investigation, we found that oxygen availability (independent
of temperature) could regulate the de novo synthesis of oleate
desaturase protein [44,45]. We also found that oxygen avail-
ability could limit the activity of pre-existing oleate desaturase
in A. castellanii [45].
The eﬀect of oxygen in inducing expression of oleate desat-
urase is of particular note because oxygen solubility increases
at lower temperatures. Thus, lowering environmental tempera-
ture could cause an increase in desaturase activity (and, hence,
fatty acid unsaturation in membranes) because the elevated
oxygen levels could induce gene expression and/or increase
activity through its role as a substrate for aerobic desaturation.
It is conceivable that these eﬀects could, in some circum-
stances, mean that the role of temperature is indirect.
Production of linoleate is uncommon in animals, hence the
role of this compound as an essential fatty acid in many higher
animals [2]. Because of that we were interested in the nature of
oleate desaturase in A. castellanii. In collaboration with J.A.
Napier and O. Sayanova (Rothamsted Research, Harpenden,
UK), a cDNA has been cloned and expressed in yeast. The de-
duced amino acid sequence for the desaturase revealed several
predicted transmembrane regions (as expected for an ER-
localised enzyme) as well as three highly conserved histidine
boxes. Comparison of its derived sequence was made with
other characterised examples of D12-desaturases and revealed
the unique nature of the A. castellanii sequence which was
more closely associated with desaturases of higher plants than
fungi or invertebrates. Expression of the cDNA in yeast re-
vealed some unusual properties also (unpublished data).
Whether the same desaturase gene is induced by both oxygen
and low temperature is not known at this stage but is the sub-
ject of on-going research.8. Heat shock
Whereas only poikilotherms have to respond dramatically to
cooling temperatures, all organisms may, conceivably, have to
cope with high temperature stress. This process was originally
examined in some detail in cyanobacteria.
Typically, the heat-shock response gives rise to a strong and
transient induction of genes for so-called heat-shock proteins.
In comparison the expression of many other proteins is greatly
reduced (e.g. [46,47]). A nice hypothesis connecting Synecho-
cystis membrane ﬂuidity to the signalling mechanism of the
heat-shock response has been proposed [48] although a simplerelationship in all cases has been disputed [5]. In fact, Murata
suggests that ﬂuidizing agents such as benzyl alcohol induce
diﬀerent sets of genes compared to changes produced by mod-
ifying fatty acid unsaturation [5]. These may reﬂect a diﬀerent
time-scale in the eﬀects. Thus, genetic manipulation is likely
to produce long-term changes in the organism as it attempts
to adjust to alteration in fatty acid desaturase expression. On
the other hand, addition of benzyl alcohol would produce an
immediate change in ﬂuidity and, in consequence, a rapid
response in gene expression. Indeed, benzyl alcohol is a
widely-used ﬂuidizer which induces heat shock genes in a broad
variety of poikilotherms including E. coli and the moss, Physc-
omitrella patens [49]. One aspect that needs to be born in mind
is all these studies though is the microheterogeneity of mem-
branes and the possibilities for subtle interactions between
components in distinct regions of natural membranes [28].
What is not in doubt is that heat shock can produce easily-
visualised changes to membrane structure and that these
changes are associated with heat-shock protein formation.
Some of the latter proteins have been shown to maintain mem-
brane stability [50]. Furthermore, the small heat-shock protein,
Hsp17, which has such a role in Synechocystis, [51] shows a
preferential interaction with non-bilayer phase-forming lipids.
The accumulation of such lipids during heat-shock, may serve
to help in the binding of Hsp17 and restoration of membrane
functions [52]. The association of heat-shock proteins with
membranes during the recovery phase may stabilize mem-
branes [28] and may also reduce the lipid oxidation which is of-
ten associated with heat shock [52].
Because mRNA levels do not, necessarily, represent real
changes in proteins (or their activities), proteomic and/or met-
abolomic analysis are also needed. Suzuki et al. [53] have made
a transcriptonic and proteomic analysis of heat shock in Syn-
echocystis. Interestingly, they found that, while the levels of
mRNAs correlated well with those of the heat-shock proteins,
the levels of elongation factors were mainly regulated at the
post-translational level. The same group [54] also made a pro-
teomic analysis of a Hik34-deﬁcient mutant of Synechocystis.
In this mutant, elevated levels of heat shock proteins were
found, consistent with histidine kinase 34, or a downstream
component, being a negative regulator of heat-shock respon-
sive genes (see [5]).
In the slime mold, Dictyostelium, two D5-desaturases (FadA,
FadB) are responsible for the production of dienoic fatty acids.
While the fabB null mutant showed little change in its fatty
acid composition, the fabA mutant exhibited large drop in its
dienoic content (51ﬁ 4%). These mutant cells developed
much better than wild-type cells at elevated temperatures, sug-
gesting that regulation of dienoic fatty acid formation is asso-
ciated with this process [55].
Possible relationships between membrane lipids and heat
stress have also been demonstrated in eukaryotic photosyn-
thetic organisms. In Arabidopsis, Falcone et al. [56] have re-
cently studied several lines and compositional mutants where
Fad7 or Fad8 were changed. The results clearly supported the
premise that deﬁned proportions of saturated and unsaturated
fatty acids are required for photosynthetic thermostability and
acclimation to elevated temperature. The authors also propose
that inter-organelle transport of fatty acids is involved in medi-
ating temperature-induced alterations and suggest which steps
in the fatty acid unsaturation pathway are important. Fatty acid
unsaturation was also manipulated in tobacco cells and plants
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rases [57]. Overexpression of Fad8 caused a much greater in-
crease in heat sensitivity than Fad3 whereas overexpression of
either desaturase increased drought resistance.
Recently, the role of the Fad7 and Fad8 plastidic desaturases
in temperature adaptation has been studied further by the use
of chimeric genes. Fad8 was originally identiﬁed as a tempera-
ture-sensitive enzyme and its altered activity at low tempera-
tures seems to be mainly regulated by transcription [26].
Transformants containing the Fad8-derived 44 amino acid C-
terminal region showed a marked decrease in trienoic fatty
acids at elevated temperatures. This was similar to transgenic
lines complemented with the native form of Fad8. The reduc-
tion in trienoate content was accompanied by a decrease in
the amount of desaturase protein but not necessarily of its tran-
script level [58]. The authors suggest that the C-terminal region
of Fad8 acts to destabilize the protein at high temperatures.
However, in view of the possible role of proteinases in the turn-
over of mammalian fatty acid stearoyl-CoA desaturase and the
cold-induced B. napus Fad3 desaturase [23], it may well be that
the reduction in steady-state Fad8 inArabidopsis [58] could also
be caused by an alteration in the accessibility of the desaturase
to proteolysis. It is conceivable that this would, in turn, be pro-
duced by changes in the physical nature/distribution of lipids in
the membrane as depicted in Fig. 2.
It would be wrong to equate all possible functional changes
in membrane lipids at high temperature to alterations in fatty
acid unsaturation. Thus, sulpholipid-deﬁcient mutants of
Chlamydomonas exhibit a photosystem II activity much less
stable to heat stress (41 C) than wild-type cells [59]. These
observations emphasise the importance of subtle changes in
membrane lipid composition that can inﬂuence the response
of organisms to high, as well as low, temperature. On top of
this can be overlaid the complication that the distribution of
lipids (and, hence, their interaction with proteins) shows both
sided and lateral heterogeneity. These important properties
can oﬀer more sophisticated ways of controlling heat responses
(see [28]).9. Conclusion
The response of poikilotherms to alterations in their envi-
ronmental temperature is not uniform, although changes in
fatty acid unsaturation are a recurring theme. Nevertheless,
with our increasing knowledge of the composition and hetero-
geneity of individual membranes, we are now better able to
understand subtle diﬀerences in responses. Moreover, recent
advances in explaining changes in transcription through signal-
ing pathways and in identifying post-translational modiﬁca-
tions have added exciting new aspects to our understanding
of temperature adaptation in poikilotherms.References
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